Solar system objects with perihelia beyond the orbit of Jupiter (q > 5 AU) are too cold for water ice to generate an appreciable coma via sublimation. Despite this, numerous high perihelion objects (HPOs) including many comets and recently escaped Kuiper belt objects ("Centaurs") are observed to be active out at least to the orbit of Saturn (q ∼ 10 AU). Peak equilibrium temperatures at 10 AU (∼125 K), while far too low to sublimate water ice, are sufficient to sublimate super-volatiles such as CO and CO 2 ice. Temperatures at 10 AU are also high enough to trigger the rapid crystallization of exposed amorphous ice, thus constituting another possible driver of distant activity. While supervolatile ices can sublimate strongly (as r −2 H ) to at least Kuiper belt (30 AU) distances, crystallization is an exponential function of temperature that cannot be sustained much beyond ∼10 AU. The heliocentric dependence of the activity thus suggests an observational test. If activity in high perihelion objects is triggered by crystallization, then no examples of activity should be found with perihelia q >> 10 AU. If, on the other hand, activity is due to free sublimation of exposed supervolatile ices, or another cause, then distant activity might be detected. We obtained sensitive, high resolution Hubble Space Telescope observations of HPOs to search for activity beyond the crystallization zone. No examples of activity were detected in 53 objects with q > 15 AU, consistent with the crystallization trigger hypothesis. However, sensitivity limits are such that we cannot reject the alternative hypothesis that mass loss is driven by the sublimation of supervolatile ices. We also searched for binary companions in our sample, finding none and setting an empirical 3σ limit to the binary fraction of < 8%.
INTRODUCTION
The Kuiper belt is a vast solar system repository located beyond Neptune, containing billions of ice-rich objects larger than 1 km and having a combined mass 0.1 M ⊕ (Earth mass M ⊕ = 6.0 × 10 24 kg). The belt is a relic of the formation epoch, and a reservoir holding some of the least thermally processed material in the solar system. Some Kuiper belt objects are dynamically unstable on billion-year timescales, causing them to drift into planet-approaching orbits and hence to be scattered across the solar system. In particular, the Neptune-approaching "scattered disk" component of the Kuiper belt (prototype object 1996 TL66; Luu et al. (1997) ) is the probable source region from which most objects escape (Volk & Malhotra 2008) . Some escaped Kuiper belt objects diffuse into orbits interior to that of Jupiter (semimajor axis a J = 5.203 AU, eccentricity, e J = 0.048 and perihelion and aphelion distances of 4.953 AU and 5.453 AU, respectively) where the equilibrium radiation temperatures are sufficiently high that the dominant cometary volatile (water ice, with latent heat L ∼ 2 × 10 6 J kg −1 ), begins to sublimate. The resulting comae lead to a re-labelling of the objects as Jupiter family comets (JFCs) .
Objects evolving between the Kuiper belt and JFC populations are collectively known as "Centaurs" (prototype object (2066) Chiron, Kowal et al. 1979) . Their most important dynamical characteristic is that Centaurs experience strong and frequent gravitational deflections by the major planets, causing them to be dynamically short-lived. The mean half life is ∼3 Myr according to Horner et al. (2004) , and ∼7 Myr according to Tiscareno, & Malhotra (2003) , but with a wide range from 1 Myr to 100 Myr. No single definition of the Centaurs exists. We favor the practical definition that Centaurs are objects that have semimajor axes a < a N and perihelia, q, in the range a J < q < a N , where a J = 5.2 AU and a N = 30 AU are the semimajor axes of Jupiter's and Neptune's orbits, provided they are not trapped in mean-motion resonances with the giant planets (Jewitt 2009 ). Others (e.g. Horner et al. 2004a ) relax the semimajor axis limit, noting that the dynamical character is essentially unchanged whether the object crosses Neptune's orbit or not. By these relaxed standards various Kuiper belt objects, specifically the Neptune-crossers in the scattered disk population, are included.
2060 Chiron (Kowal et al. 1979 ) is widely regarded as the prototype Centaur (strangely ignoring 29P/Schwassmann-Wachmann 1, which also has a perihelion outside Jupiter's orbit, a semimajor axis smaller than Neptune's, and which was discovered four decades before Chiron). 29P/Schwassmann-Wachmann 1 is continuously active, driven by the sublimation of carbon monoxide at prodigious rates (Senay and Jewitt 1994, Womack et al. 2017) . Chiron displays a (transient) dust coma (Hartmann et al. 1990; Luu & Jewitt 1990; Meech & Belton 1990 ) and evidence of CN gas emission (Bus et al. 2001) . Comet-like activity has subsequently proved to be a feature of many members of the Centaur population (Jewitt 2009 ). Activity beyond Jupiter suggests the sublimation of more volatile (lower latent heat) ices, but other physical processes may play a role. Abundant ices present in comets include CO, CO 2 , and less abundant N 2 , all of which are volatile at temperatures found in the giant planet region of the solar system and which are, presumably, present in Centaurs. Indeed, direct detection of CO gas has been made in Centaur 29P/Schwassmann-Wachmann 1 (q = 5.7 AU) (Senay & Jewitt 1994; Festou et al. 2001; Gunnarsson et al. 2008 ) and weak CO emission has also been reported in 174P/Echeclus (q = 5.8 AU) (Wierzchos et al. 2017) as well as Chiron (q = 8.5 AU) (Womack & Stern 1999) . On the other hand, CO has not been detected in most of the Centaurs in which it was sought (Bockelee-Morvan et al. 2001; Jewitt et al. 2008; Drahus et al. 2017) .
A clue about the nature of distant activity is provided by the observation that the known active Centaurs have perihelia q 10 AU, corresponding roughly to the orbit of Saturn, while Centaurs with larger perihelia appear inactive (Jewitt 2009 ). This radial segregation is intriguing because supervolatile sublimation should proceed strongly out to much larger distances (> 30 AU, in case of CO). The free sublimation of CO and other supervolatile ices offers no reason to expect the cessation of cometary activity at distances beyond ∼10 AU.
The crystallization of amorphous water ice offers a more natural, but unproved, explanation for the activation of distant objects near 10 AU. The timescale for crystallization is an extremely strong function of temperature, and hence of heliocentric distance, given by
where E A is the activation energy, k is Boltzmann's Constant and E A /k = 5370 K (Schmitt et al. 1989) . For example, at the subsolar point on an object at 10 AU the crystallization timescale (decades) is comparable to the orbit period while at 30 AU it is longer than the age of the solar system (Jewitt 2009; Guilbert-Lepoutre 2012) . Crystallization, in addition to being exothermic, triggers the expulsion of trapped molecules, including supervolatile species (Bar-Nun et al. 2007 ). The mass loss in this hypothesis is still driven by expansion of the suddenly freed supervolatiles, but their rate of release is, somewhat counter-intuitively, controlled by the thermodynamics of water ice. For this reason, the distance and temperature dependence of activity driven by crystallization is distinct from that of freely sublimating supervolatile ices. (1) for two limiting cases of the surface temperature on a uniform, spherical body. The lowest possible radiative temperature corresponds to the isothermal case, when power from the Sun is absorbed on one hemisphere but radiated uniformly from the entire surface. The corresponding isothermal blackbody temperature is T BB = 278r −1/2 H . The highest local temperature is found at the subsolar point on a non-rotating body, and can be shown to equal T SS = 2 1/2 T BB . Low and high temperature solutions to Equation (1) are shown in the figure as dashed red and solid blue lines, respectively. We also show the Keplerian orbit period vs. r H as a thick black line. Points A and B mark the intersections of the curves and set the outer limits of the zones in which crystallization can occur on timescales comparable to the orbit period, for the low and high temperature cases. The figure shows that crystallization can occur out to 14 AU, an inference confirmed by more sophisticated numerical calculations (Guilbert-Lepoutre 2012).
Figure 1 shows solutions to Equation
The crystallization hypothesis is attractive because laboratory experiments (e.g. Zheng et al. (2009) ) clearly show that the amorphous state is the natural state for ice accreted at low temperatures and pressures, as existed in the Sun's protoplanetary disk. While physically plausible and widely assumed (Prialnik 1997) , evidence for the existence of amorphous ice in solar system bodies is limited. Proof of the abundance of amorphous ice would be scientifically valuable because, if the Centaurs are amorphous, then so must be their precursors in the Kuiper belt. The amorphous/crystalline state of Kuiper belt ice in turn affects our understanding of the formation, composition and thermal evolution of these objects.
These considerations motivate the present study, in which we use the high resolution imaging capabilities of the Hubble Space Telescope (HST) to undertake a sensitive search for activity in high-perihelion objects. We reason that the detection of activity in objects with perihelia far beyond the crystallization distance would invalidate the hypothesis, and thus offer a scientifically useful, observational test.
OBSERVATIONS
We employed the 2.4 m diameter HST for its superb angular resolution and sensitivity to near-nucleus dust. Our observations were taken under the Cycle 25 "SNAP" proposal GO 15344 using the Wide Field Camera 3 (WFC3). WFC3 employs two 2000×4000 pixel charge-coupled devices (CCDs) with an image scale 0.04 pixel −1 , giving a field of view 162 ×162 and a Nyquist sampled resolution of 0.08 . We read out only half of one of the CCDs in order to optimize the observing efficiency and we used the F350LP filter because it is broad (Full Width at Half Maximum (FWHM) ∼ 4758Å) and offers a high throughput needed to identify faint coma. The effective central wavelength of F350LP, when used to observe a Sun-like (G2V) spectrum, is λ c = 6230Å. For each target, we obtained two, consecutive images of 300 s duration with the telescope tracked to follow the motion of the target.
The Sample
Our sample includes a broad mixture of classical Centaurs (a J < q < a N and a < a N ) and Neptune-crossing Kuiper belt objects (a J < q < a N , any a). We refer to these collectively as high-perihelion objects ("HPOs"). All HPOs were required to have 15 < q < 30 AU, comfortably larger than the ∼10 AU distance out to which activity has so far been detected, and to have ephemeris uncertainties ≤10 (obtained from the JPL "Horizons" web site 1 ) at the time of observation. A total of 53 HPOs were successfully observed. Their orbital elements are listed in Table ( 1) in ascending order of the perihelion distance, q. Figure 1 shows the perihelia as short black lines, all clearly more distant from the Sun than the high-temperature critical point B. Figure 2 shows the object distribution in the semi-major axis versus eccentricity plane, with Trans-Neptunian objects (TNOs, combining the classical and resonant population) plotted as orange circles 2 , and Centaurs and scattered objects as yellow circles 3 . Red diamonds in Figure 2 Figure  3 shows the perihelion versus inclination plane, with the same color-coding as Figure 2 . These two figures show that our sample occupies a wide range of semimajor axes and inclinations, consistent with the Neptune-scattered objects, all with perihelion distances larger than 15 AU, but smaller than 30 AU.
Photometry
Cosmic rays are abundant in HST data, and so we developed a scheme for their removal. First, the two images of each object were registered and then subtracted from each other. In the resulting difference images, most pixels have values close to zero except where cosmic rays fall in either image. Next, we determined the distribution of pixel differences and applied a sigma cutoff to identify cosmic ray contaminated pixels, which we replaced with the local average value. The entire image plane was treated in this way, except that a circular region 10 pixels in radius and centered on the object was excluded in order to prevent accidental replacement of real signal. Such special treatment can leave cosmic rays within the central area unaffected. In these rare cases, and where possible, we manually removed the cosmic rays from the area by interpolation. Figure 4 shows a sample image, with inset boxes showing the region around the target both before and after cosmic ray removal. More than 70% of the targets have two useful observations and we present the average of the two measurements in this paper. In the remaining cases, cosmic rays unfortunately overlap the target in one of the two images, but in no case were both images so affected. Where necessary, we report data using only a single image. As a test, we compared photometry from the automatically cosmic ray cleaned images with photometry from images in which cosmic rays were removed manually, finding no significant differences. We used the photometry from the automated technique in our analysis.
We successfully observed 53 HPOs. The brightness of the nucleus was measured using an extraction aperture 0.2 (5 pixels, see the innermost green circle in Figure 4 ) in radius. The sky background was determined in a concentric ring with inner and outer radii 0.8 and 4.0 (20-100 pixels). The outmost green circle is the 20-pixel radius in Figure 4 . We converted the apparent magnitudes from instrument magnitudes assuming HST calibration to a solar-type (G2V) spectrum. Table (2) lists the observed objects with their observing date UT, heliocentric and geocentric distances, phase angle, and measured apparent magnitude (V ). Figure 5 ). This systematic offset is likely a result of a color term implicit in transforming the very broadband F350LP magnitudes to V . Remaining scatter about the dashed line is nearly symmetric and presumably caused by different objects having different phase functions (Bauer et al. 2013) , and by rotational variations in the presented cross-sections, caused by aspherical shape. For a few objects (notably 1999 OX3, 2010 LO33 and 2012 VU85) the displacement from the dashed line is too large to be plausibly explained in this way, and the cause remains unknown.
We converted the apparent magnitudes to absolute magnitudes using
where Φ(α) ≤ 1 is the phase function, equal to the ratio of the light scattered at phase angle α to that at α = 0 • , and r H and ∆ are the heliocentric and geocentric distances, respectively, both in AU. The phase functions of Centaurs reported by Bauer et al. (2003) show a wide range, with G parameters from -0.13 to +0.18 in the "HG" system defined by Bowell et al. (1989) . Similar diversity was reported by Rabinowitz et al. (2007) , who also noted that the phase functions of Centaurs tend to be linear with α. Additional phase function measurements, also showing a wide scatter, are given in Alvarez-Candal et al. (2016) and Ayala-Loera et al. (2018) . Motivated by these results, and in the interests of simplicity, we write 2.5 log 10 (Φ(α)) = −βα, where β = 0.061±0.002 magnitudes per degree is the mean value of the V-filter phase coefficients reported for seven Centaurs in Table 4 of Rabinowitz et al. (2007) . Given that the maximum phase angles attained by the Centaurs in our sample are α max ∼ 3 • (Table 1) , the necessary phase corrections are modest (βα max = 0.12 magnitudes). Uncertainties in the value of β render the derived absolute magnitudes uncertain by a similar amount. This is large compared to the photometric errors of the HST data, but comparable to or smaller than the likely variations in absolute magnitude caused by asphericity and rotation of the Centaurs. The apparent (V ) and absolute magnitudes (H) are found in Tables (2) and (3), respectively. The absolute magnitudes as functions of the heliocentric distances are shown in Figure 6 . As an example, 1999 OX3 is studied by others researchers. Our measurement, H V = 7.3, is comparable to H R = 7.1 reported by Bauer et al. (2003) , but brighter than H V = 7.980 ± 0.092, and 7.60 ± 0.06 measured by Alvarez-Candal et al. (2016); Ayala-Loera et al. (2018).
Effective Radii
To convert the magnitudes to effective radii, r e , we use the relation
in which 1.5 × 10 8 is the number of kilometers in 1 AU, V = -26.74 is the V-band magnitude of the Sun and p V is the geometric albedo.
As is true of the phase functions, the geometric albedos of most HPOs are unmeasured. The mean albedo of 52 Centaurs and Scattered KBOs is p V = 0.08 ± 0.04 studied by Bauer et al. (2013) , while the mean albedo of 16 Centaurs (in a largely over-lapping object sample) reported by Duffard et al. (2014) is p V = 0.07 ± 0.05. The former authors also reported a color-albedo dependence, with "blue" objects having p V = 0.06 ± 0.02 and "red" objects p V = 0.12 ± 0.05 (c.f. Figure 3 of Lacerda et al. (2014)). However, it is worth noting that albedo determinations are difficult and the quoted uncertainties in some cases appear to underestimate the true uncertainties in the reported albedo. For example, 250112 (2002 KY14) was reported by (Bauer et al. 2013) , to have p V = 0.185 ± 0.046, a value that is three times larger than p V = 0.057 +0.011 −0.007 as reported by Duffard et al. (2014) . For simplicity, in this work we assume a nominal p V = 0.1 for all objects in order to evaluate object dimensions on a uniform basis. Effective radii computed in this way can be easily scaled to other values of the albedo as they become available, in proportion
). The effective radii of the Centaurs, computed from their apparent magnitudes using Equations (2) and (3), are listed in Table ( 3) and plotted against the perihelion distance in Figure 7 . Evidently, the radii of most objects in our sample fall in the range 10 r e 100 km, with a sample median r e = 36 km. We note that Bauer et al. (2003 Bauer et al. ( , 2013 gave the radii of Centaurs 1999 OX3 (∼89 km), 2002 CR46 (85 ± 35 km) and 2002 XU93 (96±35 km), all of which are comparable to our results (74, 57, and 52 km, respectively) within the uncertainties.
Coma Detections
We search for coma by comparing annular photometry of the HPOs with reference stars measured identically. Stars in our HPO dataset are all trailed by the non-sidereal motion of HST. Instead, to obtain an empirical measure of the point-spread function (PSF) we used the profiles of reference stars in untrailed (i.e. sidereal target) archival WFC3 images taken through the F350LP filter with comparable integration times. We used the HST archive to identify 27 stars free from confusion with nearby stars and galaxies, and which have apparent magnitudes similar to those of the HPO sample. The average surface brightness profiles derived from the stars and the HPOs are compared in Figure 8 , showing good agreement within the uncertainties of measurement. The HST observations provide no evidence that the HPOs, as a group, exhibit coma.
Next, we use aperture photometry as the primary means to quantify the presence of coma in individual objects. This technique is robust, simple to apply and to interpret and, given the narrow and stable point spread function of the HST, is also very sensitive. A significant advantage is that the technique is independent of the morphology assumed by the ejected dust, whether it be spherically symmetric or highly collimated into a tail or trail by the action of solar radiation pressure. We base our analysis on Jewitt (2009), with small modifications described below.
All targets and point sources (stars) were measured using three concentric apertures of radii (see green circles in Figure 4 ) θ 0 = 0.2 (5 pixels), θ 1 = 0.4 (10 pixels) and θ 2 = 0.8 (20 pixels), yielding the three apparent magnitudes, V 0 , V 1 and V 2 . Note that V 0 is the nucleus magnitude.
We define the annular magnitude excess as
where the aperture pairs are i, j = (0, 1), (0, 2), and (1, 2). Subscripts "HPO" and " " refer to the high perihelion object and the star profiles. The average, median and standard deviations of quantities ( Table (4) . The mean and median quantities are equal within the uncertainties. Note that all entries are consistent with ∆V i,j = 0 at the 3σ level. For reference, we also measured in the same way a synthetic image created using the TinyTim simulation software (Krist et al. 2011 ). This image gave results slightly different from the empirical determinations listed in Table (4) (e.g. (V 1 − V 2 ) = 0.034 vs. 0.048 from the Table) and we elected to use the empirical determinations over those from TinyTim. Figure 9 shows ∆V 1,2 as a function of the V magnitude for stars (yellow circles) and HPOs (green circles). For the stars, we replaced (V i − V j ) HP O in Equation (4) with the individual aperture difference for each star. Grey squares with error bars show the mean and standard deviation of ∆V 1,2 within a series of magnitude bins each 0.5 magnitude wide. The scatter of the measurements clearly grows as the objects become fainter, from ±0.006 magnitudes at V = 20.25 to ±0.040 at V = 23.75. Curved lines in the figure show a model of the uncertainty incorporating both photon (Poisson) noise and CCD readout noise. For the latter, we assumed the canonical WFC3 values for read noise = 3 electrons, digitization at 1.5 electrons per ADU, and that a V = 0 source gives 4.72×10 10 ADU s −1 . We also used the measurement, from stars, that 4.8% of the light from a point source falls in the annulus between 10 and 20 pixels radius. The agreement between the model and actual uncertainties gives us confidence that the data are essentially photon limited, and therefore of very high quality.
The cumulative distribution of ∆V 1,2 is displayed in Figure 10 , where (V i − V j ) = 0.051 (see Table 4 ). All but two HPOs have ∆V 1,2 < 0.03. The ∆V 1,2 Gaussian best-fit distribution has a σ = 0.042 centered at -0.007. Within the uncertainties, the brightness enhancement around the HPOs is zero, indicating that comae of HPOs are not detected.
Mass Loss Rates
We derive upper limits to the mass loss from measured upper limits to the coma. The mass of a collection of spherical particles can be written as M = a1 a0 4 3 πρa 3 n(a)da.
Here, ρ is the particle density, and n(a)da is the differential size distribution, equal to the number of particles with radii between a and a + da, and distributed in the range a 0 ≤ a ≤ a 1 . It is convenient to assume a power-law size distribution, n(a)da = Γa −γ da, where Γ and γ are constants. The total cross-section of the particles is C = a1 a0 πa 2 n(a)da.
Equations (5) and (6) can be combined to give
for all γ = 3 or 4, where a is the average particle radius. We adopt γ = 3.5, based on measurements of comets (Grün et al. 2001 ), for which a = √ a 0 a 1 . We adopt a 0 = 0.1 µm, since smaller particles are inefficient optical scatterers and contribute little to the scattered light intensity. The appropriate value of a 1 is less certain. Since we are mainly interested in scaling from one object to the next, we adopt a 1 = 1 mm, giving a = 10 µm. Then, Equation (7) allows us to calculate the particle mass corresponding to the cross-section inferred from the photometry. Equation (7) gives the particle mass projected within an annulus around the nucleus. The approximate residence time of particles in the annulus is
where U [m s −1 ] is the average speed of the particles leaving the nucleus. The width, ∆r, is related to the angular dimensions of the annulus by ∆r = sδθ∆ (9) where δθ = θ j − θ i is in arcseconds, ∆ is in AU, and scale factor s = 7.25 × 10 5 m arcsec −1 AU −1 is the number of meters in one arcsecond at one AU.
The particle speed, U , in Equation (8) is unmeasured. Practical lower and upper limits to U are set by the gravitational escape speed and the gas sound speed, respectively. The escape speed, for a sphere of radius r e and density ρ n is given by
where G = 6.67 × 10 −11 N kg −2 m 2 is the gravitational constant. With ρ n = 1000 kg m −3 and r e in [km], Equation (10) The gas sound speed is
where k = 1.38 × 10 −23 J K −1 is Boltzmann's constant, T is the gas temperature, µ is the molecular weight of the gas and m H = 1.67 × 10 −27 kg is the mass of the hydrogen atom. As previously noted, water ice does not sublimate appreciably at the large heliocentric distances considered here and only supervolatiles constitute plausible sources of gas drag. We solved the energy balance equation for sublimating CO (µ = 28) to find that the equilibrium sublimation temperature is negligibly dependent on heliocentric distance (we find T = 26.6 K at r H = 5 AU falling to T = 24.4 K at 30 AU) as a result of the dominance of the latent heat term in the energy balance. We take T ∼ 25 K, giving V th = 120 m s −1 . This is consistent with thermal broadening of CO rotational lines in distant bodies (e.g. Senay & Jewitt (1994) measured a CO line width of ∼200 m s −1 in 29P when at r H = 6 AU, while Crovisier et al. (1995) independently measured 140 m s −1 in the same object).
Even for the largest objects in our sample (see Table 3 ), we find V th > V e , consistent with gas drag expulsion of particles 4 . Finally, the mass loss rate,Ṁ ∼ M/τ , is obtained by combining Equations (7), (8) 
SinceṀ ∝ U , and we are interested in setting upper limits to the mass loss, we set U = V th = 120 m s −1 in Equation (12). The resulting mass loss rates are listed in the last column in Table ( 3). In the table, centaurs are listed in order of their designated names.
3. DISCUSSION Figure 11 shows the derived mass loss rates as a function of the perihelion distance, with downward-pointed, yellowfilled triangle symbols used to indicate upper limits. The figure shows that no activity was detected in any of the HPOs observed in the present study. The (model-dependent) mass loss limits range from ∼ 2 kg s −1 to ∼10 2 kg s −1 , depending on the size and distance to each object. The median limiting mass loss rate in the HPO sample isṀ < 11 kg s −1 and the median perihelion distance q = 19 AU.
For comparison, we include in Figure 11 estimates ofṀ from Jewitt (2009) obtained using ground-based telescopes on a selection of Centaurs having (mostly) smaller perihelion distances than in our current sample. In order to permit direct comparison with the HST measurements we have scaled theṀ values from column 9 of their Table 4 to the same particle size a = 10 µm as used here. Non-detections are again indicated by (blue) downward pointing triangles while coma detections are marked with blue-filled circle symbols and error bars equal to a factor of two in the production rates. The median mass loss rate and perihelion distance of the active Centaurs are 46 kg s −1 and 5.8 AU, respectively. Other measurements of Centaurs reported by Cabral et al. (2019) refer to objects close to the limiting magnitude of their survey. They have negligible sensitivity to extended emission from outgassing and are not considered here.
Five of the eight active Centaurs in the Figure exhibit mass loss rates large enough to have been detected in the HPO sample, had activity been present. In this sense, the non-detection of activity is consistent with the crystallization hypothesis, which predicts that no examples of activity should be found. Of course, while consistent, we cannot argue that the new data prove the crystallization hypothesis. This is because the sensitivity to coma achieved by HST is insufficient to rule out the presence of low-level supervolatile sublimation at 15 AU and beyond.
To examine the nature of low-level activity at large r H , we consider the energy balance for a sublimating surface, neglecting conduction, expressed as
Here, A and ε are the Bond albedo and emissivity of the sublimating surface, L is the solar luminosity, r H is heliocentric distance expressed in meters, σ is the Stefan-Boltzmann constant and L(T ) is the temperature-dependent latent heat of sublimation. Quantity f s [kg m −2 s −1 ] is the sublimation mass flux. We assume A = 0.04, ε = 1 while noting that solutions to Equation (13) are insensitive to both quantities provided A 1 and ε 0. Parameter χ is a dimensionless number that expresses the distribution of absorbed energy over the nucleus, varying between χ = 1 for a flat surface oriented perpendicular to the Sun-comet line and χ = 4 for an isothermal sphere. We adopt χ = 2 as the intermediate case, corresponding to hemispheric warming of a spherical nucleus.
We solved Equation (13) using thermodynamic parameters for CO and CO 2 ices tabulated by Brown & Ziegler (1980) . The results are plotted in Figure 11 where, for reference, we show the mass sublimated per second from an exposed 5 km 2 area of each ice (CO in orange, CO 2 in red). As noted above, the sublimation of CO declines closely as r −2 H across the planetary region of the solar system while CO 2 exhibits a downturn beginning at about 15 AU.
The observations set strong limits on the possible area of exposed supervolatiles on each object. For example, at the median perihelion distance r H = 19 AU, the equilibrium sublimation flux of CO from a flat surface oriented perpendicular to the Sun-object line is f s = 6 × 10 −6 kg m −2 s −1 (Equation 13 ). RateṀ then corresponds to sublimating area A = f −1 sṀ , assuming a gas to dust mass production rate of unity. The empirical median rateṀ < 11 kg s −1 would reflect sublimation from an area A < 2 km 2 . The implied active fraction is f A = A/(4πr 2 e ), where r e = 36 km is the median radius from Table (3). We obtain f A < 10 −4 , which is two to four orders of magnitude smaller than f A measured on the nuclei of active Jupiter family comets (A'Hearn et al. 1995) . Small values of f A are to be expected since exposed CO sublimates rapidly even at 19 AU (f s /ρ ∼ 20 cm year −1 , or several meters per orbit).
We briefly discuss the distance-dependence of bias effects in imaging faint comae. First, the rate of supervolatile sublimation varies as r −2 H (Figure 11 ). Scaling from median distance q = 5.8 AU to 19 AU, for example, corresponds to a sublimation rate smaller by a factor of ∼11. Second, the dust comae are observed in reflected sunlight, the intensity of which also falls as r −2 H , together giving an r −4 H variation in the surface brightness of a coma at fixed linear distance from an object sublimating in energy equilibrium with sunlight. Scaling from 5.8 AU to 19 AU then corresponds to a fading of coma surface brightness by a factor ∼115. This steep variation is partially offset by the improved angular resolution of HST, which allows measurement of any coma closer to the nucleus source (where the surface brightness is intrinsically higher, for a given mass loss rate) than would be possible in ground-based, lower resolution observations. Still, the bias against coma detection at large r H remains, and low-level outgassing in the HPOs due to steady sublimation of exposed supervolatiles might be present but go unobserved.
Binary Fraction:
Binaries are abundant in the Kuiper belt; ∼20% of the cold classical KBOs are binary, as are ∼5% of the dynamically hot populations (Noll et al. 2008 (Noll et al. , 2019 . Since the HPOs are products of the dynamically excited portion of the Kuiper belt, it is reasonable to expect to find a binary fraction similar to the ∼5% measured in the hot population. Currently, two binary Centaurs are known ((42355) Typhon I Echidna (Noll et al. 2006) , and (65489) Ceto/Phorcys (Grundy et al. 2007) ). In our sample of 53 objects, for example, the expected number of binaries would be ∼2.5. However, Brunini (2014) examined the disruptive effects of close planetary encounters on objects dipping into the giant planet region, finding that only about 10% of binaries should resist disruption over the long term. If applied to our sample of 53 objects, Brunini's fraction suggests that we should find an average of only 0.25 binaries.
The maximum separation for a binary to be stable against solar gravitational perturbations is given by the Hill radius, r Hill ,
where q is the perihelion distance, ρ n = 1000 kg m −3 and ρ = 1400 kg m −3 are the densities of the object and the Sun, respectively, and r n and r are the radius of the Centaur and the Sun. With q 1 AU, the angle subtended by the Hill radius is just θ Hill ∼ r Hill /q, which is expressed in arcseconds as θ Hill ∼ 10 r n 50 km ,
where r n is radius in km, independent of distance. In Equation (15) we have normalized to r n = 50 km for convenience. The Nyquist-sampled (two pixel) WFC3 resolution of 0.08 corresponds to ∼ 0.008 θ Hill for a 50 km radius object. Most resolved Kuiper belt binaries occupy the central ∼10% of the Hill sphere (Noll et al. 2019 ), corresponding to separations < 1 , and still about 10 times the HST resolution.
We visually searched the Hill spheres of the target objects by comparing consecutive images to locate co-moving objects. Owing to asymmetries in the faint wings of the PSF, the sensitivity to binary companions is a complicated function of the component brightness ratio, the angular separation and the position angle. It is therefore impossible to set a uniform limit to the presence of binary companions. Binaries with a large ratio of component brightnesses can easily escape detection and our search should therefore be understood to refer to binaries with equal-sized components, of which we detected none. The non-detection of binaries in the HPO sample sets a 3σ limit to the average binary fraction <8%, consistent with expectations above.
SUMMARY
We used the Hubble Space Telescope to image 53 high perihelion objects at ∼0.08 angular resolution. Objects in our sample were selected to have perihelion distances q > 15 AU, where sub-solar radiation equilibrium temperatures are T 100 K and amorphous water ice is too cold to crystallize on the orbital timescale.
1. No evidence for activity was found. We set upper limits to the mass loss,Ṁ , from each object based on nearnucleus photometry and a simple model. At the median distance of our sample objects (19 AU), the median value isṀ < 11 kg s −1 , with an object to object range 1 Ṁ 231 kg s −1 .
2. The non-detection of activity in our sample is consistent with the hypothesis that activity observed in dynamically similar objects having smaller perihelion distances is caused by the crystallization of amorphous ice.
3. Low level activity due to equilibrium sublimation of exposed supervolatile ices cannot be excluded by our data. However, the fraction of the surface actively sublimating in equilibrium with sunlight must be f A 10 −4 , reflecting the instability of supervolatiles even in the 19 AU to 24 AU range. 4. Our search yielded no binaries. Based on our sample and Poisson counting statistics, we conclude that the binary fraction is < 8% (3σ). This is consistent with an origin of the HPOs in the dynamically hot population of the Kuiper belt and binary disruption caused by interaction with the giant planets (Brunini 2014) .
We thank the anonymous referee for the comments, specially on the phase coefficients. We are prompted to read the relevant papers which improve our understanding on the phase coefficients of centaurs. We thank Dr. Yoonyoung Kim for her discussions with us about the paper. Based on observations made under GO 15344 with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, operated by the Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-26555. Weso lowski, M., & Gronkowski, P. 2018 , Earth Moon and Planets, 121, 105 Wierzchos, K., Womack, M., & Sarid, G. 2017 , AJ, 153, 230 Womack, M., & Stern, S. A. 1999 , Solar System Research, 33, 187 Womack, M., Sarid, G., & Wierzchos, K. 2017 , PASP, 129, 031001 Wong, I., & Brown, M. E. 2016 , AJ, 152, 90 Wong, I., Brown, M. E., Blacksberg, J., et al. 2019 , AJ, 157, 161 Volk, K., & Malhotra, R. 2008 , ApJ, 687, 714 Zheng, W., Jewitt, D., & Kaiser, R. I. 2009 Physical Chemistry A, 113, 11174 
for CO and CO2 ices, respectively, with exposed surface areas of 5 km 2 .
